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ABSTRACT 
Gar Yeung: Creating a database of Land Applied Residuals to Predict Contamination in the Cape 
Fear River Basin, North Carolina 
 
The transport and fate of persistent, emerging contaminants like perfluorinated compounds (PFCs) 
are not well understood.  One possible source of contamination is from the land applied residuals 
program, facilitated by the North Carolina Department of Environmental Quality. To better 
understand possible sources of contamination, data from permits of the residuals program was used 
in a land use regression model to predict PFC concentrations over a 16-year period. This model, 
based on Euclidean distance, shows a small influence of applied residuals on PFC concentration 
in surface water. Using the database, additional work can be done to implement a model based on 
river distance, overland distance, and flow rates. Depending on the results, the model can be used 
to predict PFC concentration for public surface water intake points and provide some insight on 
drinking water risks. 
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1 INTRODUCTION 
Emerging contaminants are chemicals that have been detected in water supplies but are not yet 
fully understood. While the EPA does regulate drinking water contaminants, the list contaminant 
candidate list spans multiple versions with voluntary standards at the federal level. Nevertheless, 
it is important for those interested in protecting public and environmental health to understand 
their transport and exposure pathways. 
 
One such class of contaminant is perfluorinated chemicals (PFCs), which are used in this study as 
a means to understand the transport of similar persistent chemicals. PFCs have become ubiquitous 
after gaining popularity more than 60 years ago because of their inert applications in non-stick 
cookware, waterproofing, firefighting, and other industrial applications.5 Chimeddulam et al. has 
found that they are associated with semiconductor, electrochemical, and optoelectronic industries 
in Taiwan as municipal and industrial wastewater treatment plant (WWTP) effluent has become 
dominated by perfluorooctanic acid (PFOA), perfluorooctane sulfonate (PFOS), 
perfluorohexanoic acid, and perfluorodecanoic acid.5 While the American Water Works 
Association (AWWA) summarizes PFC treatment strategies including activated carbon, anion 
exchange, membrane filtration, and advanced oxidation processes1, Chimeddulam et al. suggests 
that other existing water treatment practices including sand filtration and chlorination do not 
remove PFC.5 
 
PFCs are generally divided into two groups, perfluoroalkyl carboxylates and perfluoroalkyl 
sulfonates,8 which are represented by PFOA and PFOS in this study. PFOA and PFOS are 
persistent with half-lives longer than 41 and 92 years in 25⁰C water, respectively.3 In the 
environment, PFCs exist in water, air, sediments, and wildlife with primary exposure to humans 
through drinking water, bathing and cleaning, consumption of seafood, livestock, and vegetables, 
and inhalation.5 Once in the body, PFCs accumulate in blood, the kidney, and the liver.3 While 
everyone is at risk, Chimeddulam et al. found that children ages 1-3 years are the most vulnerable 
demographic to PFCs due to water consumption.5 Animal studies have shown that PFCs can be 
transferred from mother to fetus and studies in Japan, Germany, and Denmark have detected PFCs 
in maternal blood and the umbilical cord, suggesting significant risk to mothers and their fetuses.6 
Liu et al. found that green mussels that have been exposed to PFOS and PFOA for seven days were 
impaired at the molecular, cellular, and physiological level, specifically by inducting oxidative 
stress, damaging DNA, destabilizing membranes, suppressing filtration, and reducing body 
weight.10  
 
Because of the ubiquitous nature of PFCs in the environment, it has been difficult to understand 
their full impact on human health. In 2000, an analysis of serum samples from the National Health 
and Nutrition Examination Survey found PFOS and PFOA in all Americans. Additionally, a 2008 
study in Europe found the median PFOS concentration of 4.1 ug/L and 9.7 ug/L for women and 
men, respectively while a 2003 United States (US) study found median concentrations of a 
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population was 21.1 ug/L and 4.0 ug/L for PFOS and PFOA, respectively.5 A 2004 study of 429 
mother-infant pairs in Taiwan showed a negative association of PFOS levels in umbilical cord 
plasma with gestational age, birth weight, head circumference, preterm bird, and small for 
gestational age. Furthermore, Chen et al. found a dose-response relationship between PFOS 
exposure and birth outcomes was found when divided into quartiles with those with the greatest 
exposure also having the greatest adverse effects on birth outcomes. Conversely, there were no 
strong associations between PFOA and birth outcomes.4 PFCs are reported to have hepatotoxicity, 
developmental and reproductive toxicity, immunotoxicity, hormonal effects, and carcinogenic 
potency.6  
 
While the toxicity of PFOA is not as clearly documented, PFOS is recognized as a toxic chemical 
in the Drinking Water Treatability Database, provided by the US Environmental Protection 
Agency (EPA).17,18 PFCs were able to avoid testing under the Toxic Substances Control Act 
because the law did not require testing of substances already in commerce at the time.7 It was not 
until 2002 that the EPA published a Significant New Use Rule to reinforce PFC regulations, 
requiring manufacturers to report any use of this class of compound beginning in January 2003.16 
In 2006, the EPA established the PFOA Stewardship Program with eight companies with major 
operations in the US with the intention to phase out PFOA by 2015.14 By 2014, the participating 
companies were able to reduce their emissions by over 90% with six ceasing emissions to all 
medias altogether.14 In 2008, the EPA listed PFOA in the Third Drinking Water Contaminant 
Candidate List (CCL 3) and established health advisories for PFOS and PFOA levels at 0.2 ug/L 
and 0.4 ug/L in drinking water, respectively.13 In 2016, the EPA updated health advisories levels 
for combined PFOA and PFOS for drinking water to 70 parts per trillion (ppt) as a lifetime 
exposure standard.15 Grandjean and Clapp produced a timeline of some important developments 
regarding PFC exposure and health risks up to 2012, reproduced below in Table 1.1.7  
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Table 1.1 Timeline of developments in PFC exposure and health risks7  
 
 
While PFC production has stopped, industries have been able to continue their use of these 
chemicals. This is evident most recently in 2017 in the discharge of GENX by Chemours in 
Fayetteville.11 This violation of a direct discharge permit to a US waterway is one example of a 
pathway for PFC to enter the environment. Another, and the focus of this study, is through the 
biosolid residuals programs implemented through state agencies. Residuals may be transported 
through the environment after application in agricultural fields as runoff, through groundwater 
infiltration, as dust that travels through air, or physically as it is trapped by physical materials. 
 
North Carolina manages residuals in part because of their beneficial reuse as a soil amendment to 
soils and plants. The Environmental Management Commission and the North Carolina Department 
of Environmental Quality (DEQ) jointly develop and implement state regulations and issue permits 
for the generation and disposal of these residuals, which are carried out by the Division of Water 
Quality (DWQ).  
 
DWQ classifies residuals as either Class A or B, depending on their quality, and distinguishes 
permits as either (1) Class A residuals, (2) Class B residuals to non-dedicated fields, (3) Class B 
residuals to dedicated fields, and (4) surface disposal of residuals.12 This study focuses on Class A 
and B residuals. Class A residuals meet Federal and State standards in respect to limits on metal 
and pathogen concentration, and vector attraction reduction requirements. This class of land 
applications can be applied in bulk over large areas or may be sold or given away in small 
containers. Class B residuals are applied at agronomic rates for agricultural use and meet less 
stringent limitations on the three criteria listed above. While both Class A and B residuals can be 
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applied as thousands of dry tons at a time on a plot of land, only Class A residuals can be sold in 
small bags as commercial fertilizer. Because Class B residuals have higher concentrations of heavy 
metals and other constituents, fields where they are applied are required to be prohibited for at 
least one year for access by the general public, grazing by animals, or planting crops. Residuals 
are applied on specific application fields throughout North Carolina through a facility that is 
permitted to do so. In 2010, DWQ there were a total of 275 residuals management permits of all 
types and 4,368 fields totaling 107,214 acres, with the vast majority classified as Class B 
residuals.12 Figure 1.1 below shows the extents of permits in North Carolina and provides a 
summary of mapped and unmapped fields and the number of acres permitted as of 2010.  
 
 
Figure 1.1 Application Fields in North Carolina 
 
  
This study seeks to understand the relationship between PFCs and the residuals program by a land 
use regression (LUR) model, improving upon previous work conducted by Wang.19 In Wang’s 
work, similar methods were implemented with a focus in Alamance, Chatham, and Cumberland 
Counties. He used three LUR models that interact with distance differently. The first uses distance 
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by a straight line, or Euclidean distance. The second uses river distance without accounting for 
flow direction, and the last uses river distance and incorporates flow based on a ratio of river 
distance. Wang concludes that the LUR model results indicate that PFCs do not originate from 
land applied residuals at all, or that they are not the main source of PFC contamination. His second 
conclusion is that there is a connection between the two but the methods were insufficient to reveal 
this connection. He recommends that additional work be done to improve the LUR models results 
by increasing the spatial and temporal data sets. 
 
As such, this study focuses on Wang’s recommendations. First, this work aims to improve the data 
set available for land applied residuals in the Cape Fear River Basin. Second, this study focuses 
on the Euclidean LUR model, and accounts for the causative nature between land applied residuals, 
the source, and PFC environmental samples, the response. This report summarizes these outcomes 
and compares the differences between the data sets and the model results. 
2 METHODS AND MATERIALS 
2.1 Study Area 
The study area consists of the Cape Fear River Basin with an emphasis in Alamance, Chatham, 
Cumberland, Guilford, Lee, Orange, and Wake Counties. Wang’s initial study focused on 
Alamance and Chatham Counties with this expansion addressing shortcomings towards the 
boundary of the River Basin.19 The additional counties were selected because of their proximity to 
the original study area and because they contain a significant amount of PFC sampling points, as 
shown in Figure 2.1. This figure shows the extent of PFC sampling points in the River Basin. The 
majority of PFC environmental samples were taken in Alamance and Chatham Counties along the 
Cape Fear River. 
 
Residual land application permit data were acquired from the DEQ as an excel spreadsheet and 
were selected based on the number of applications within the study area based on active permits 
and fields. This excel table includes information including unique permit and field IDs, acreage, 
owners, county, and location information for the permit. Multiple fields can be included under a 
single permit and fields can be added or removed from the permit with approval from DEQ. 
Because this excel table does not provide values for some of the fields listed, it was difficult to 
assess their usefulness when creating the scope of the study area. As such, the number of fields 
rather than acreage was used as the criteria to identify permits to be included in the study area. 
 
Table 2.1 shows the results of this exploratory analysis and summarizes the number of fields in 
each permit inside and outside of the study area by county. The Total column on the left side of 
the table is the total number of active application fields that the permit accounts for. The subtotal 
column on the right side of the table is the number of fields that are within the study area as 
previously defined. The percentages given under Percent in Study Area shows how many of the 
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fields for a permit are included within the study area.  Due to the nature of available data, this 
statistic does not reflect the percentage of area, but the percentage of “fields”. Permits were 
included in the study area if there were at least 10 application fields or 10% of all the application 
fields for that permit are within the study area. This was done to increase the efficiency and reduce 
the amount of time required to digitize data but still capture the majority of locations. The number 
of fields was used as the criteria because permit data provided by DEQ was inconsistent in 
identifying the area of each field. From this dataset, only 24 had fields within the limits of the 
study area of which 23 permits met the criteria to be included in the study area. Permit WQ0032899 
was not included in the study area because it did not have 10 application fields (Subtotal column) 
in the study area nor did its application fields constitute 10% of its total permitted fields (Percent 
in Study Area). However, during the data collection process, additional permits were found that 
are no longer active but were permitted in the study area were scanned and included, resulting in 
36 total permits. 
 
The study period of the previous study is fractured with samples between 2001-2002 and 2004-
2011. For continuity and to provide a means for predicting PFC concentrations in more recent 
years, the study period for land applied residuals was extended to be inclusive of 2001 through 
2015.
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Figure 2.1 Study area with PFC sampling points
1 0  
 
Table 2.1 Study area analysis based on the number of fields that are within and outside of the study area 
Permit Total 
Original Study Area Expanded Study Area 
Subtotal Percent in Study Area Alamance Chatham Cumberland Guilford Randolph Lee Orange 
W Q 0 0 0 0 0 1 1  5  0  0  0  0  0  0  5 5 100.00% 
W Q 0 0 0 1 1 6 9  6 6  10 11 0  0  0  0  45 66 100.00% 
W Q 0 0 0 1 6 8 4  5 3  0  0  0  17 36 0  0  53 100.00% 
W Q 0 0 0 3 2 2 6  4 8  0  48 0  0  0  0  0  48 100.00% 
W Q 0 0 0 3 8 2 4  9  9 0  0  0  0  0  0  9 100.00% 
W Q 0 0 0 4 8 2 5  3 5  0  0  0  6 29 0  0  35 100.00% 
W Q 0 0 0 4 9 5 6  1 6  0  16 0  0  0  0  0  16 100.00% 
W Q 0 0 0 5 8 0 9  4  0  0  0  4 0  0  0  4 100.00% 
W Q 0 0 2 0 0 1 9  1 3  0  13 0  0  0  0  0  13 100.00% 
W Q 0 0 2 3 1 9 7  1  0  1 0  0  0  0  0  1 100.00% 
W Q 0 0 3 6 3 3 3  3  0  3 0  0  0  0  0  3 100.00% 
W Q 0 0 0 0 5 4 3  5 8  0  53 0  0  0  0  0  53 91.38% 
W Q 0 0 0 0 5 2 0  2 0 8  115 27 0  2 10 0  22 176 84.62% 
W Q 0 0 0 1 0 6 0  2 7  0  22 0  0  0  0  0  22 81.48% 
W Q 0 0 0 3 5 0 4  2 0 1  15 0  0  0  0  0  135 150 74.63% 
W Q 0 0 0 6 1 0 1  3 5  0  0  25 0  0  0  0  25 71.43% 
W Q 0 0 0 1 0 8 6  1 4  0  0  9 0  0  0  0  9 64.29% 
W Q 0 0 0 0 5 2 7  1 4 9  0  0  82 0  0  0  0  82 55.03% 
W Q 0 0 0 3 7 6 0  6 8  8 0  0  28 0  0  0  36 52.94% 
W Q 0 0 1 8 0 0 7  5  0  0  0  0  0  2 0  2 40.00% 
W Q 0 0 1 9 0 9 8  4 1  0  10 0  0  0  0  0  10 24.39% 
W Q 0 0 0 2 3 7 6  9 7  0  0  0  11 0  0  0  11 11.34% 
W Q 0 0 1 4 8 6 8  3 7  0  0  4 0  0  0  0  4 10.81% 
W Q 0 0 3 2 8 9 9  7 0  0  0  1 0  0  0  0  1 1.43% 
TOTAL*  4 , 9 6 2   1 5 7  2 0 4  1 2 1  6 8  7 5  2  2 0 7  834 16.81% 
*  T h e  T O T A L  r o w  r e p r e s e n t s  t h e  c u m u l a t i v e  f o r  a l l  o f  N o r t h  C a r o l i n a  i n  t h e  T o t a l  C o l u m n ,  e g  t h e r e  a r e  4 , 9 6 2  f i e l d s  i n  a l l  o f  N o r t h  
C a r o l i n a .  T h e  T o t a l  p e r c e n t a g e  o f  a l l  f i e l d s  i n  t h e  s t u d y  a r e a  ( 1 6 . 8 1 % )  r e p r e s e n t s  t h e  n u m b e r  o f  f i e l d s  w i t h i n  t h e  s t u d y  a r e a  
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2.2 Database Development 
Two main datasets were used to develop the database: land applied residual data acquired from the 
DEQ and PFC environmental data acquired from the EPA. For active residual land application 
permits, permittees are required to submit annual reports detailing vector reduction information, 
annual land applied residual data, annual metals loading data, and lab reports that inform these 
data. Reports between 2011 and 2015 were obtained directly from the DEQ while older reports, 
between 2001 and 2010, were obtained from the State Archives. Only pertinent pages were 
scanned from these reports, including the Annual Land Application Certification Form, Annual 
Land Application Field Summary Form, and when convenient, the Annual Metals Field Loading 
Summary Form. An example of each form is provided in Appendix A. 
 
Location information for fields where residuals were and are being applied were provided by DEQ 
in two forms. Active fields were provided as an excel file while inactive fields were found by 
digitizing records provided in Attachment B of reports. This attachment provided field ID, the 
number of acres utilized, and the latitude and longitude of many fields. Even with this additional 
information, 1,591 land applications over 287 fields were unaccounted for and have no associated 
locational data. For these fields, their coordinates were approximated, determined by the average 
latitude and longitude for all extant fields for the same permit which they fall under. Although this 
introduces some noise to the dataset, the existing fields of the same permits are within a few 
kilometers and so this is minimal. Even so, four permits had absolutely no location data associated 
with them, resulting in the complete removal of 331 land applications over 95 fields. Valid fields 
are shown in Figure 2.2 below where gray dots are permitted fields outside the study area, pink 
dots represent permitted fields within the study area for which there are no applications during the 
study period, and purple dots represent permitted fields within the study area where residual 
applications take place. 
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Figure 2.2 Residual land application fields in North Carolina 
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Scanned reports, comprising of Annual Land Application Certification Forms and Annual Land 
Application Field Summary Forms, were digitized into data packets for import to the Land 
Applications table. This table includes information on where and how much residuals are applied 
for all fields of a permit for all years during which data is available. The Locations table consists 
of information specific to fields in a permit including location, permit number, field ID, acreage, 
county, and other values. The Permit Summary table consists of permit information that is 
consistent for all fields in a permit. The Access database is comprised of these tables and are linked 
together through Field IDs and Permit IDs, as shown in Figure 2.3 below. The Locations table has 
a one to many relationships with Permit Summary. If a permit does not exist in Permit Summary, 
the database does not recognize it and excludes it from Land Applications. This adds an additional 
level of passive QC to the digitization process. Access was chosen to allow for the efficient 
creation of queries to seek select data with specific physical or temporal constraints. All the tables 
are populated by excel spreadsheets from the data entry and quality control (QC) processes, 
detailed in Appendix B. This database and all documentation are housed and administered by the 
Bayesian Maximum Entropy (BME) lab at the University of North Carolina at Chapel Hill (UNC). 
 
 
Figure 2.3 Access database relationships 
 
The PFC water quality data was acquired from the EPA in 2014 as an excel spreadsheet and 
provides sampling data throughout the Cape Fear River Basin, though the majority of samples 
were taken in Alamance and Chatham County. In total there are 603 environmental samples taken 
in 2006 and 2010 to 2014. Figure 2.4 below shows a histogram of the original data acquired from 
the EPA. This dataset segregates concentrations of PFOA and PFOS, but for the purpose of this 
project, the sum of PFOA and PFOS data was used as the concentration for PFC. The figure below 
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shows the original log-transformed PFC concentration in parts per trillion (PPT). Some samples 
were measured at zero PPT and were increased to the smallest observed concentration, 0.06 ppt to 
include these sampling points in the model. 
 
 
Figure 2.4 Histogram of log-transformed PFC data 
 
Figure 2.5 shows PFC data summed over the entire study period for each application field. The 
majority of environmental sampling points occur upstream of the River Basin. The lowest order 
streams in the river basin tend to have the lowest PFC concentrations. In Alamance County, this 
is especially prominent, illustrated in the high concentrations through the main branch, shown in 
red triangles. The green and yellow triangles, denoting smaller concentrations, are mostly 
associated with side branches. 
 
 
15 
 
 
Figure 2.5 PFC concentrations in the River Basin with emphasis in Alamance County, represented from highest to lowest by red, orange, yellow, and green triangles 
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Table 2.2 below shows the number of PFC samples measured in a year, the number of those 
samples above 70 ppt, (the exposure standard for PFCs.) This concentration is troubling, though 
because 70 ppt is not a discharge standard but the lifetime exposure standard, or the concentration 
standard at which a contaminant should never exceed. From this small dataset, there are potentially 
hundreds of incidences that violated the lifetime exposure standard. With this amount of PFC 
present in public surface water sources, this means that entire communities could meet this 
threshold very quickly unless the appropriate treatment measures are introduced. 
 
Table 2.2 Summary of PFC samples 
Year Total number of samples 
Number of 
samples 
above 70 ppt 
Percentage of 
samples 
above 70 ppt 
2006 79 32 40.5% 
2010 12 8 66.7% 
2012 48 27 56.3% 
2011 17 3 17.6% 
2013 489 132 30.1% 
2014 5 0 0.0% 
 
 
 
2.3 Land Use Regression Modeling 
This study uses land use regression (LUR) modeling as a statistical framework to predict PFC 
concentrations along the main river reaches of the River Basin while being sensitive to space and 
time. The model is coded in MATLAB and runs on a set of functions from a library known as 
BMElib, developed by Dr. Marc Serre as part of the BME Lab. BMElib allows users to conduct 
space/time geostatistics by using various functions as needed. In this case, a subset of the code 
provided in BMElib, BMEriver, is used for analysis. The model uses applied residuals to predict 
PFC concentrations across time and space as the exploratory variable, 𝑋𝑋𝑖𝑖. In general, the LUR 
model uses equation 1 shown below. 
 
𝑍𝑍𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1𝑋𝑋𝑖𝑖 +∈𝑖𝑖           (1) 
 
𝑍𝑍𝑖𝑖  = estimated PFC concentration (ppt) 
𝛽𝛽0 = linear regression intercept coefficient (log-ppt) 
𝛽𝛽1 =linear regression slope coefficient (log-ppt/ton) 
𝑋𝑋𝑖𝑖 =exploratory variable (ppt) 
∈𝑖𝑖  =error (ppt) 
 
The exploratory variable 𝑋𝑋𝑖𝑖 is calculated across space using the shortest distance between each 
PFC sample location and application field. The pathway of contamination is not understood and 
as mentioned previously, can be attributed to transport pathways through surface water, 
groundwater, air, and sediment. As such, to model PFC contamination in the River Basin would 
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require high-resolution physical datasets including but not limited to topography, river flow lines, 
soil type, vegetation, groundwater flow, water table depths, vegetation or land cover types, surface 
water flow volumes, precipitation, among others. 
 
Applying an isotropic model based on Euclidean distance allows for a more rapid assessment of 
contamination in the study area. All land applications were included in this model regardless if 
they were or were not applied within the River Basin. Conforming to the previous study, a decay 
range, α, is used to define the distance over which a given point source, or land application, impacts 
a response, or PFC sample. A range of values was used to find the optimal decay range since this 
value is unknown. Additionally, because this distance parameter is isotropic, it considers upstream 
transmission as a possibility. In actuality, this model is most likely based on transmission as dust 
in the air or as groundwater that radiates in all directions.  
 
Unlike the spatial component of these models, a temporal component is not evident in the previous 
study. However, to create similar conditions as the previous study, the models were run with and 
without time sensitivity. When time is not a factor, interactions between each point source and 
response impacts the LUR model. This does not make physical sense because a PFC sample cannot 
be impacted by a land application that has not yet occurred. This iteration of work improves the 
model by treating time as a unidirectional parameter where the models consider interactions only 
if the PFC sample occurs after a land application within a time window, tw. For example, a time 
window of 1 year only includes interactions where a PFC sample is taken within one year after 
residuals were applied. In other words, a PFC sample taken on June 1, 2005 would only be 
impacted by applications that took place between June 1, 2004 and the sample date. Similarly, for 
the decay range, this time window is unknown and is thus evaluated for different durations between 
three months to 10 years. The Euclidean exploratory variable is expressed in equation 2 along with 
its variables. 
 
𝑋𝑋𝑖𝑖 = ∑ 𝐶𝐶0𝑗𝑗𝑛𝑛𝑗𝑗=1 𝑒𝑒𝑒𝑒𝑒𝑒 �−3𝐷𝐷𝑖𝑖𝑖𝑖𝛼𝛼 �         (2) 
 
𝐶𝐶0𝑗𝑗 = concentration at application field j, this concentration is a result of the mass released and the volume of water 
in which it was released 
𝐷𝐷𝑖𝑖𝑗𝑗 = distance in km between a monitoring site i and a land application field j 
n = the number of land application fields j that impact monitoring site i 
α = the exponential decay range (km) of influence of the land application field j on a monitoring site i 
 
Essentially this equation estimates the concentration of PFCs using the mass of residuals applied 
at an application field j through an exponential decay function based on the decay range. The 
concentration at C0j is the concentration of the mass applied at an application field j in the volume 
water where it was released. In effect, the mass applied is used as a proxy for concentration under 
the assumption that the volume of water is the same for each application field.  
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3 RESULTS 
3.1 Land applied residuals in the Study Area 
In total, 456 reports were scanned from 41 permits over the study period resulting in the 
digitization of 17,631 applications over 1,688 fields and 36 permits. The total amount applied 
under each permit per year is summarized below in Table 3.1 with the aggregate amount applied 
displayed graphically in Figure 3.1. This data is further aggregated by county as shown in Table 
3.2. Over the study period, the number of dry tons applied decreases significantly from over 29,000 
in 2001 to 18,000 in 2015 for the study area. The amount of residuals applied in each county also 
decreases with the exception of Chatham County, which increases its applications by about 100 
dry tons when comparing the beginning and end of the study period. Applications are otherwise 
generally consistent throughout time with a spike in 2009. Cumberland County accounts for almost 
half of that year’s residual applications in 2009, totaling at about 11,000 dry tons. The permits that 
applied the largest amount of dry tons includes WQ0000527, WQ0000520, and WQ003504, which 
are associated with facilities in Fayetteville, Burlington, and Durham, respectively. 
 
While the overall amount of applications has decreased, the production of residuals is not 
necessarily also decreasing. Residuals can be stored long-term based on a permittee’s storage 
capacity. Since these numbers are not reported, it could be that there are storage facilities that are 
accumulating residuals without applying any or all of them. Figure 3.2 below shows the total 
amount applied on each field during the study period. Within the study area, a large amount is 
applied on the southern edge of Alamance County and southwest of Cumberland. However, there 
is a large amount in the rural northern half of Orange County and in the rural northeast of Robeson 
County. 
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Figure 3.1 Aggregate dry tons applied for each county from 2001 to 2015 
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Table 3.1 Annual dry tons applied by county 
 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 COUNTY TOTAL 
Alamance - 6,399 386 5,140 4,049 4,137 4,354 4,842 4,058 2,909 3,827 3,853 5,045 3,985 3,846 3,665 - 60,494 
Bladen 629 1,542 1,883 2,200 990 1,408 1,538 1,811 1,574 1,303 506 1,100 202 1,244 1,118 368 - 19,413 
Chatham - 101 146 173 482 164 164 276 181 193 181 376 164 171 259 205 - 3,235 
Cumberland 3,620 5,653 5,465 4,813 5,548 6,394 4,569 4,698 3,784 11,851 5,180 4,472 4,957 3,334 3,925 4,484 - 82,747 
Durham - 6,083 5,672 4,888 5,500 4,740 4,532 5,750 - 3,844 5,161 3,583 4,089 3,306 4,849 4,903 87 66,986 
Guilford - 1,236 4 619 277 301 - 320 - - - - - - 1,200 - - 3,956 
Harnett 104 706 1,270 464 691 1,786 1,725 517 597 1,752 950 867 761 1,374 1,412 450 - 15,427 
Lee - 554 561 1,142 605 536 336 593 769 583 683 574 726 546 502 458 - 9,167 
Orange - 1,600 1,265 1,042 1,161 29 252 1,439 1,036 621 335 313 427 1,564 275 17 - 11,376 
Person - - - - 420 1,401 990 3,111 - - - 808 1,525 - 432 402 - 9,090 
Randolph - 3,853 2,259 1,529 1,446 1,194 1,422 1,165 106 675 1,277 1,051 2,063 1,280 1,232 1,363 - 21,915 
Rockingham - 1,581 1,612 1,618 1,293 1,849 1,867 3,941 1,366 1,863 740 1,376 1,202 1,056 1,687 1,461 - 24,514 
Wake - 455 518 778 825 948 1,169 1,115 949 937 338 656 736 842 777 261 - 11,304 
ANNUAL 
TOTAL 4,353 29,762 21,041 24,406 23,287 24,887 22,917 29,579 14,419 26,532 19,178 19,028 21,896 18,702 21,515 18,036 87 339,625 
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Figure 3.2 Annual dry tons applied 
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3.2 Results of the Land Use Regression of PFCs 
A complete review of the Euclidean LUR results are provided in Appendix C while Table 3.3 
summarizes the optimal decay range (α) for each time window. The table provided in Appendix C 
shows the R2, β, and p values for each decay range up to 40 km and a time window up to 10 years. 
Generally, the p value decreases with increasing decay range and is used as the main threshold for 
optimization where the p value must be less than 1%. The linear regression intercept coefficient, 
β0 remains fairly consistent while the linear regression slope coefficient, β1 decreases significantly 
with an increasing time window. In all cases, the optimal R2 did not exceed 0.02, resulting in a 
weak correlation between land applied residuals and PFC concentration in the River Basin under 
a Euclidean distance-type.  
 
The time window, NA, indicates that all interactions between an application event and a PFC 
sample were used in the model to generate results. Smaller time windows perform better than 
larger ones, as indicated by the small and large decay ranges, respectively. Interestingly, 
accounting for all the interactions does slightly better than time windows of seven to 10 years. 
 
  
Table 3.2 Optimized Euclidean LUR model results for each time window 
Time Window 
(years) R
2 β0 β1  p α  (km) 
0.25 0.0145 0.4158 0.6133 0.0030 15 
0.5 0.0173 0.4058 0.2065 0.0012 20 
1 0.0178 0.3954 0.0768 0.0010 25 
2 0.0159 0.3958 0.0356 0.0019 25 
3 0.0113 0.4058 0.0194 0.0090 25 
4 0.0118 0.3993 0.0120 0.0075 30 
5 0.0141 0.3839 0.0075 0.0035 40 
6 0.0125 0.3918 0.0068 0.0060 35 
7 0.0149 0.3804 0.0056 0.0027 40 
8 0.0135 0.3845 0.0047 0.0043 40 
10 0.0136 0.3860 0.0037 0.0041 40 
NA 0.0156 0.3822 0.0031 0.0021 35 
 
To be comparable to Wang’s study, the decay range when the p-value is remains at 40 km while 
the R2 increases to 0.0211 with a p-value of 0.0003. Increasing the threshold of statistical 
significance to 0.01 decreases the decay range to 35 km. Wang’s work aimed for low values for 
the decay range and p-value and a high value for the R2. Incorporating the time window drastically 
improves the model for all time increments, with the best result at a quarter of a year.19 The smallest 
time windows performed the best with the Euclidean model performing best at a decay range of 
15 km, with a R2 of 0.0145 and p-value of 0.0030. Although the results are statistically significant, 
little contamination in the River Basin can be attributed to land applied residuals. These optimal 
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results are shown in Table 3.4 below. These values are shown for a 0.25-year time window for the 
entire decay range.  
 
Table 3.3 Euclidean LUR results comparison 
 No Time 
Window19 
No Time 
Window 
0.25 Year 
Time Window 
α (km) 40 35 15 
R2 0.0211 0.0156 0.0145 
β1 (log-ppt/ton) positive positive positive 
p-value 0.0003 0.0021 0.0030 
 
Figure 3.3 below shows statistical values for a time window of 0.25 years for all decay ranges 
analyzed. On the left side, the left axis shows the values for β1 and the right axis shows the values 
for R2. In line with the previous study, the R2 and p-values improve as the decay range increases. 
While it is better addressed in these results, this is likely an artifact of where and when the data is 
clustered.  
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Figure 3.3 R2, β1, and p-value as a function of decay distance α with a 0.25-year time window 
 
To better illustrate these results, predicted values are estimated on a for the Cape Fear River Basin. 
Figure 3.4 shows the extent of PFC contamination across the River Basin and predicts 
concentrations for a grid around PFC sampling points in 2013, divided into quarters. This year was 
chosen for the time series because the majority of PFC data occurs in 2013. Even though this year 
has the most PFC samples, there were no samples during the first quarter and is appropriately 
missing. The colored grid in the background shows predicted PFC values while the colored 
triangles represent PFC samples and their observed concentrations. Overwhelmingly, the grid is 
yellow, predicting low and near-zero values. Increased PFC concentrations are predicted where 
there is more data and closer to Alamance and Chatham Counties. Generally, the grid predicts 
small PFC values across space with a cluster towards the northwest part of the River Basin. The 
dark triangles do not correlate well with the predictive grid and is in line with what the equation is 
showing. 
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Figure 3.4 Time series of modeled PFC at a decay range of 15 km and time window of 0.25 years in 2013 in the River Basin 
 
4 DISCUSSION  
4.1 Comparison of Database Creation 
The database created in Wang’s study is improved significantly by this work. The original study 
area included Alamance, Chatham, and Cumberland Counties between 2001 and 2002, 2004 and 
2004 and 2011. Additionally, residual applications were entered into the database as annual values 
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rather than daily values, as this study does. In total, Wang’s study digitized 539 residual application 
values. Of these values, 377 applications were used in the models implemented in Wang’s study.  
 
While the study area remains within the Cape Fear River Basin, applied residuals data has 
increased almost 45 times, resulting in 17,331 valid application values. Values without associated 
location information, an issue that was present in Wang’s study, were addressed by further probing 
DEQ for this information. Additionally, this database is improved by using daily application values 
rather than annual values for an application field, resulting in better resolution, allowing the model 
to finesse different time windows.   
 
 
4.2 Comparison of Land Use Regression Modeling Results 
Based on the new criteria, the optimal results from each model is shown below in Table 4.1 and 
compared to the previous study. Wang’s model at best was only partially valid as the decay range 
was too large for the results to be statistically significant. The values presented from Wang’s study 
is estimated from figures since there are no tables showing specific information. The decay ranges 
have changed and based on maps, have shown general improvement. In all cases, β1 remained 
positive and the R2 value increased. The p-value is also preserved at less than 0.01 for the increased 
study area and period. Based on these results, the increased study area and period improve the 
Euclidean model significantly, revealing a better correlation between PFC concentrations and 
residual land applications with an increased study area and period. 
Table 4.1 Comparison of LUR Models 
Model Type Version Model 
Valid 
α (km) tw (years) R2  Β1 p-value 
Euclidean LUR Wang no* 40 --- 0.003 + < 0.01 
Wang no 15 --- <0.002 + > 0.8 
No tw partial 40 --- 0.0164 + 0.0003 
tw yes 15 0.25 0.0145 + 0.0030 
* digitized application area too small to accurately predict  
 
Wang’s study showed that there was not enough information to determine whether or not residual 
land applications impacted PFC contamination in the Cape Fear River Basin, noting two main 
possible outcomes. First, he concluded that there is no association between residuals and PFC 
concentrations or that residuals are not the main source of PFC contamination. His second 
conclusion was that there is a connection between the two but the methods were insufficient to 
find the association. This work clarifies his second conclusion by increasing the available spatial 
and temporal dat. It also improves the Euclidean LUR model by accounting for time. These 
improvements to the Euclidean model find that there is an association between residuals and PFC 
concentrations but is likely not the main source of contamination.  
 
With a short time window, the storage of PFC in soils and its leakage to surface waters is not likely 
occurring. However, because the R2 value is tiny for these short time windows, residual land 
applications have only a small impact on PFC concentrations and are not the main source of PFC 
contamination in the River Basin. Furthermore, the boundary issue is no longer an issue as the 
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decreased decay range of 15 km shows that there is a larger area for which the data is validated 
for. 
 
One major limitation of this work is the use of dry tons as a proxy for PFC concentrations and 
application on fields. PFC concentrations may differ significantly depending on the facilities that 
the materials are coming from, especially for Class B residuals since they are under less stringent 
quality constraints compared to Class A residuals. Furthermore, these models treat applications 
uniformly but may differentiate depending on application method, application location, and 
distance from the closest water body. A modifier for these and other attributes could be applied 
and sought, using the same method as when looking at time windows and decay ranges. 
Additionally, the reports obtained from DEQ can also be used to extract additional data. For each 
field in each year, there are heavy metals information. Understanding these trends and exploring 
their relationships with PFC to establish their weights may also improve the model. 
 
These improvements to the model and results means that the association between PFCs and land 
applied residuals should be further explored as the energy needed to incorporate the river network 
and flow paths between application fields and bodies of water is not excessive. The next step is to 
implement a predictive model that accounts for the river distance and land cover as Wang 
originally worked on. First, the models that utilize river distance and flow should be implemented 
to compare to Wang’s results and see if the increased study area via river network improves the 
model. The function and context of these models and the river network are presented in Appendix 
C. Then, land cover, imperviousness, and topographic data can be used to understand overland 
flow between application fields and the closest point on the river network.  
 
 
4.3 Proposal for Estimating Risk for Surface Water Intake Points 
While the Euclidean-based model is unlikely to identify where PFC is likely to occur, future work 
could be done with more physically accurate distance types to calculate risk at surface water intake 
points. As discussed earlier, drinking water is one of the major exposure pathways, and so this 
model can be used to predict PFC concentrations where surface water is drawn from drinking water 
treatment plants (DWTPs) or to create a surface as part of a land suitability analysis when siting a 
new DWTPs. Risk can be identified through a tier system so that DWTPs can implement treatment 
schemes that adequately remove PFCs. Surface water intake points that feed in to drinking water 
treatment plants in the Cape Fear River Basin are displayed in Figure 4.1 below. Data for surface 
water intake points was taken from NC OneMap and totals at 1,395 public water supply water 
sources as of February 2017. While a tiered risk assessment should be based more heavily on 
epidemiological studies, advisory levels can be initially based on EPA standards, corresponding 
to high and low advisory levels at concentration thresholds of 70 ppt and 15 ppt, respectively. This 
information is also shown in the figure below.  
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Figure 4.1 Surface water intake points and an associated advisory scheme based on existing EPA regulatory levels 
 
Once high-risk facilities are identified and their influent and effluent streams have been processed 
and identified, DWTPs can assess their treatment schemes to better treat PFCs. As discussed 
briefly, the American Water Works Association (AWWA) recommends several treatment 
processes including activated carbon, anion exchange, membrane filtration, and advanced 
oxidation processes.1 These technologies are evaluated further below in Table 4.2, which shows 
the major pros, cons, PFC removal efficiency, and relative cost of each technology. This table is 
based on recommendations by the AWWA with additional comments from other studies and 
evaluations of treatment technology.1 In one study, Appleman et al. evaluated 15 full-scale water 
treatment plants in the U.S. and found similar results. In this study, they found that membrane 
filtration and specifically reversed osmosis (RO) was the most effective for long- and short-chain 
PFC removal while GAC and anion exchange technologies were less effective at removing shorter 
chain PFCs.2  
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Table 4.2 Comparison of PFC removal technologies1 
 
GRANULAR ACTIVATED 
CARBON ANION EXCHANGE 
MEMBRANE FILTRATION 
(RO) 
ADVANCED OXIDATION 
PROCESSES 
PR
O
S 
• Widely used for PFC removal • High removal rates  • GAC better than PAC  • PAC useful for spills  • In-house options are available for point-of-use or point-of-entry systems •Does not require further PFCs disposal  
• PFOS removed well by anion exchange but sorption rates depend on polymer matrix and porosity  • Can partially remove PFOA, PFNA, PFOS 
• Excellent PFC removal  • May be designed for under-sink or residential well water PFC treatment  • Can be successfully combined with GAC for higher PFC removal rates  • Multi-contaminant removal  • Reasonable for groundwater systems 
• Can oxidize a multitude of contaminants to degradation products using reactive hydroxyl radicals 
CO
N
S 
• Conflicting results on which PFCs are removed most effectively  • Possibility of competitive adsorption with other compounds present, such as natural organic matter  • Slow GAC adsorption rates may extend operating time and require optimization  • GAC requires thermal regeneration • Creates waste residuals to dispose of exhausted carbon  • Process optimization necessary (pH, temperature, contact time) 
• Reject brine must be properly disposed of  • Costs are similar to activated carbon but depend greatly on resin and treatment system  • Rate of exchange depends on including influent PFC concentration, design of the anion exchange, solution ionic strength and bead material  • Potential for competing anions  • Surface water supplies may need clarification/filtration before treatment  • Less effective at short-chain PFC removal 
• Reject water must be treated before discharging  • High capital expense with high energy demands  • Susceptible to fouling  • May require pre-treatment due to high fouling tendencies  • RO is preferable to NF due to higher removal efficiency 
• Less effective at breaking down organic compounds such as PFCs  • No significant difference in removal of PFCs between AOP methods  • Significant energy input is needed to achieve moderate PFAS oxidation with AOP 
EF
FI
CI
EN
CY
 PFOA ≥ 90%  
PFOS ≥ 90%  
PFNA ≥ 90% 
PFOA = 10-90%  
PFOS = ≥ 90%  PFNA = 67% PFOA = ≥ 90%  PFOS = ≥ 90%  PFNA = ≥ 90% PFOA = < 10%  PFOS = 10 to 50%  PFNA = < 10% 
CO
ST
 $$ $$ $$$ $$$ 
 
While the latter three are somewhat useful in removing PFCs and other organic materials from 
fluids, I recommend that DWTPs first evaluate if they can include GAC in their treatment schemes 
because they do not produce a high-concentrate material and effectively remove long-chain PFCs 
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from the waste stream. Producing this material through anion exchange and filtration processes 
simply perpetuates the issue of applying residuals for agricultural means. Conversely, PFC and 
other organic matter caught in the pores of GAC and in the reactivation process, the entire material 
is incinerated to temperatures that effectively break down PFCs. This is the only method that 
definitively closes the cycle of PFCs being juggled between treatment plant and land applied 
residuals. 
 
While I do not recommend moving forward on any policies based on the risk predicted by the 
Euclidean model, this process can be applied once a more accurate LUR model is run on this 
dataset. 
 
 
4.4 Better Managing the Residuals Program and Database 
While it may be possible to reduce PFC concentrations at surface water sources being used for 
drinking water, another management scheme could center on the residuals program itself. The 
database and LUR model can go backwards and identify fields that are contributing the most to 
contamination. By disaggregating the sum of exponential decay from the LUR, it is possible to 
calculate the cumulative impact of each field on surface water intake locations. These fields can 
then be tiered and analyzed for various factors like surrounding land cover, elevation and slope, 
proximity to waterways, and the percent of imperviousness of over land flow between the field 
and the nearest waterway. Based on these factors, best management practices can be implemented 
as a blanket and based on the amount of its contributions. 
 
Based on my experiences in extracting data from the DEQ and the State Archives, there are a few 
improvements that can also be made in the reporting of the residuals program. These are bulleted 
below based on requirements provided by the Residuals Manual: 
 
• Utilize North Carolina Flood Risk Information System maps to confirm that application 
fields with location information are actually outside of the 100-year and 500-year 
floodplain 
• Increase the setback requirements or alter setback requirements in respect to land cover 
type between an application field and waterways 
• Include water table and rockbed elevation / depth in annual reports with groundwater 
monitoring wells 
• Fill the knowledge gap for the fields that exist but where there is no location information 
available 
• Encourage electronic reporting so that database creation can be more easily integrated 
into the annual auditing process by DEQ 
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The knowledge gap exists substantially for North Carolina as a whole and based on this study in 
the Cape Fear River Basin, 95 fields were unable to be used because of a lack of location 
information. This lack of information is further illustrated in the Residuals Manual itself, as seen 
in above in Figure 1.1. 
 
This report was updated in 2010 and would likely benefit from a comprehensive update to the 
program. At the time, 777 fields or 19,846 acres of the residuals program was missing information, 
which is the equivalent of about 17% and 22%, respectively.12 While this is a small amount, 
missing fields potentially impact LUR models as there may contributions from fields not included 
in the database, effectively attributing those amounts as background contamination.  
 
Lastly, the database created for this thesis is the first of its kind in North Carolina. While this 
database accounts for the total amount applied in the original units and converted into dry tons, 
there is additional information that can be digitized from the scanned reports including 
concentration values for heavy metals, plant available nitrogen, phosphorous, and other 
constituents. These additional values can be used as a starting point for further public health 
studies, especially immediately around the fields were applications occur. The process used for 
data validation and quality control can also be used for other data fields that are pertinent to land 
applied residuals.  
5 CONCLUSIONS 
This study opens up the possibility for additional understanding and impacts that land applied 
residuals have on public health, environmental health, and associated regulations. The most useful 
outcome of this study is the database of applied residuals. The database could be used to understand 
health impacts on rural communities located around application fields to advocate for changes in 
policies in respect to siting of these fields and required height or distance requirements in addition 
to implementing a predictive model as mentioned through LUR models based on river distance.  
 
Improving the model based on river distances and land use and land cover could be used to identify 
portions of the river network that may have increased concentrations of PFCs or other persistent 
chemicals. This information could be used to assist water treatment plants to guide technologies 
used in their treatment schemes. This could also be used as a suitability criterion to site new surface 
water treatment plants. Even though there is a very small relationship identified for PFCs, this land 
use regression model could be applied to other persistent, emerging contaminants that have enough 
samples over a study period in the Cape Fear River Basin because it does not require a lot of 
computing power to implement. However, the poor results of this LUR model may be due to the 
small amount of PFC sample events over the study period. 
 
Regardless of the results from the LUR model, to better understand and protect drinking water, 
DEQ should update the Residuals Manual to fill in the gaps of information that it identified 
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previously. It should also preemptively test the influent and effluent of drinking water treatment 
plants to identify if PFCs or other emerging contaminants constitute a risk to public health. 
 
Overall, this study shows a small association between PFCs and residual land applications in the 
Cape Fear River Basin of North Carolina through a Euclidean LUR model, though it is not a strong 
enough relationship to constitute any propagation of statewide policy. Although PFCs have been 
phased out, they still persist as recent investigations have shown that they have not ceased 
discharge into North Carolina’s waterways altogether. 
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APPENDIX A Form Examples 
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APPENDIX B QC Process 
 
Summary 
This standard operating procedure describes the process to ensure data quality for entering land 
sludge application data. This document will describe the format of the data packets which require 
quality assurance and quality control (QAQC), the land sludge application reports and pertinent 
information, and finally the process of what is checked against what. This process is shown as a 
flow diagram in Figure 1. In summary, this process requires scanning of reports, manual data entry 
into excel, a primary check, a secondary check, and validation. 
 
Figure 1. Overview of the data collection process and the QAQC process.  
 
Data packets consist of three sheets: Summary, Data, and Primary. Each data packet includes data 
for one permit for one year. The Data sheet contains all the entered data that will be uploaded to a 
database file. The Primary sheet houses the initial check at the annual level for each field. The 
Summary sheet contains the validation, number and percentage of errors, and other pertinent 
completion information.  
 
The Summary sheet provides metadata of the Data and Primary sheets as shown in Figure 2. First, 
there is a place for the user to enter their initials and the date of action for the Original Entry, 
Primary QC, and Secondary QC. The Summary sheet also automatically calculates the number of 
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errors based on the Corrected Initials column. The percentage of errors for the entire sheet is also 
calculated to understand how much of the sheet was entered correctly. 
 
 
Figure 2. Summary Sheet: values entered from the Cover Sheet are entered to provide details on annual amounts 
applied. Calculated values are shown in the blue boxes. 
 
The Data sheet has 16 columns, of which the first 11 are filled out. This includes information 
specific to the permit, field, and how much is applied when. In summary, the columns pertinent to 
this process are the permit number, County, Field, Date (Wet), Total Sludge Applied, Sludge 
Applied Units, % Solids (%), and Acres Utilized (Acres). Columns I through L are values used for 
quality control. These values include Qualifier, Total Dry Tons (Tons), Dry Tons per Acre 
(Tons/Acre), and Sludge per Acre (Gallons/Acre). Columns M through P are the only columns that 
should be altered during the secondary QC process. 
 
The Primary sheet contains six columns, for the Field, Total Applied (Tons), QC Initials, 
Additional Comments, Corrected Initials, and Corrections. The Field is copy and pasted from the 
Data sheet with all duplicates removed. The number of fields shown on this sheet should match 
the number of active fields on the summary page of the annual report. The Total Applied (Tons) 
column is calculated by Excel based on the Field and is checked against the scanned report. The 
remainder of the columns are intended for use by the user entering data to record data check and 
discrepancies between calculated values and values in the report. 
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Process 
First, the data is entered manually from scanned PDF files obtained from the North Carolina 
Department of Environmental Quality and North Carolina State Records. Pertinent data was 
entered on the Data sheet from the land sludge application reports, which is described more fully 
below. The origin and entry place of each cell is shown in Figure 3a and Figure 3bm respectively. 
Columns I through J are automatically calculated and can be used as a preliminary checking 
mechanism. 
 
 
Figure 3. (a) Example of an annual land application field summary form and (b) an example of a data packet (a permit 
for a single year)  
 
1. Enter data from the PDFs, matching the placement of data from the reports as shown in 
Figures 3a and 3b. If there are issues with the data either in its respect to its entry or scan 
quality, use a Qualifier and enter it into Column I. The qualifiers and their meanings are 
summarized in Table 1 below. 
2. Once a row has been entered correctly, use columns J through L to do a spot check for 
the application amounts. 
3. On the Summary sheet, add your initials and date that the Original Entry took place. 
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Table 1. Summary of Qualifiers and their meanings 
Qualifier Meaning and Required Actions D The day of application is absent and specified in a way dissimilar to the M qualifier. The middle value of the range was is taken as the day of application. No required action. F Field ID is incomplete. This report should be contextualized through the number of Acres Permitted. Alternatively, the metals concentrations can be compared via the cumulative amount applied. No required action. L There is no location information associated with the field. An average was taken for existing points of the same permit and used in place. Additional queries to DEQ can must be made for clarification. M The day of application is absent and is only specified by month. The 15th of the month is taken as the day of application. No required action. P The permit ID does not match the cover sheet. These fields must be checked with DEQ staff for clarification. S The scan is illegible or cut off. As such, the cut-off value may be estimated or be found via context clues. If cut off, the report will need to be rescanned when the data is being cleaned up. 
 
The primary QC process can begin immediately by the person who conducted the original data 
entry. The steps are as follows: 
1. Copy and paste Column C (Field) to the Primary sheet and remove duplicates. Duplicates 
can be removed by selecting all of the fields, clicking on Data at the top menu bar, and 
Remove Duplicates under the Data Tools section. 
2. Check that the number of fields shown in the Primary sheet match the number of active 
permits on the summary sheet of the scanned report. 
3. Ensure that the Total Applied (Tons) is calculated for each field and check that this 
annual amount matches the amount shown in the scanned report. 
4. Once checked, add your initials to the QC Initials column if it matches.  
5. If there are errors, enter the amount shown on the scanned report. This will automatically 
turn the cell red and bold the text. 
6. Once all of the aggregate numbers are checked, go back into the individual reports and 
check that the daily applied values are entered correctly. 
7. Once corrections are made and the calculated amount matches the reported amount, enter 
your initials in the Correct Initials column and the corrective actions taken or comments. 
8. On the Summary sheet, enter your initials and date that the Primary QC took place. 
 
The secondary QC process begins and is a more in-depth process. For the first 10 annual reports 
that someone has done data entry for, a 100% data check is required. If there is smaller than 5% 
errors in data entry for these 10 reports, then the QC process moves to a 25% check of all the 
entered amounts using a random generator. If there are more than two errors in a single sheet 
during any 25% check, a 100% data check will again be required for five annual reports until there 
is less than 5% error in data entry for these reports. The Secondary QC process is as follows: 
1. Download the file from online database and open the data packet. 
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2. Check each column in the Data sheet with its associated data in the report, as shown in 
Figures 3a and 3b. Once checked, enter your initials in column L. In the case of qualifiers, 
please see Table 1 above for their meanings and whether or not they require further action. 
3. If there are no errors, initialing in column L will suffice. If there are errors, under Column 
M, enter the value the column letter followed by a comma with the appropriate entry. For 
example, if a % Solids (%) is at 3.65% but not entered in that way, it would read as: “G, 
3.65%”. 
4. Once the entire sheet is QC’d for columns A through H, on the Summary sheet, enter your 
initials and date that the Secondary QC took place.  
5. Amend the file title to include the date and your initials. For example, the file 
WQ0000011_2007 would become WQ0000011_2007_020618_GY.  
6. Submit to the administrator via email that Secondary QC has been completed and note in 
the email message the number of errors and the percentage of errors. 
The final step of the QAQC process is validation and the import of the QAQC’d data to the access 
database. The structure of the database is divided into three main tables that are linked by permit 
number. The structure of the access database is shown in Figure 4. The three tables include Scan 
History, which provides metadata for the data acquisition process, Land Sludge Application 
Permits, which houses all the permit-related information, and also LSA Daily Amounts, which 
corresponds directly to the Data spreadsheet. The validation process is as follows: 
 
Figure 4. Land Sludge Application Database Structure and Linkages 
1. Check the additional comments for any errors that may have occurred during the data entry 
step. 
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2. If there are no errors, skip to step 3. Otherwise, check the land sludge application reports 
against the correct value as indicated in Column M.  
3. Enter the correction into Column A-H as necessary.  
4. Copy and paste the Data sheet into the LSA Daily Amounts table.   
4 5  
 
APPENDIX C Comprehensive Euclidean LUR Model Results 
T h e  t i m e  w i n d o w  w i t h  N A  i n d i c a t e s  t h a t  a l l  i n t e r a c t i o n s  b e t w e e n  a n  a p p l i c a t i o n  e v e n t  a n d  a  P F C  s a m p l e  w e r e  u s e d  i n  t h e  m o d e l .  T h e  t a b l e  
p r o v i d e d  i n  A p p e n d i x  C  s h o w s  t h e  R 2 ,  β ,  a n d  p  v a l u e s  f o r  e a c h  d e c a y  r a n g e  u p  t o  4 0  k m  a n d  a  t i m e  w i n d o w  u p  t o  1 0  y e a r s .  R e d  v a l u e s  d e n o t e  
w h e r e  t h e y  d o  n o t  m e e t  t h e  p a r a m e t e r s  a s  p r e v i o u s l y  d i s c u s s e d .  B o l d e d  r o w s  r e p r e s e n t  t h e  v a l u e s  f o r  w h i c h  t h e  p  v a l u e  i s  s m a l l e r  t h a n  0 . 0 1  o r  
1 % ,  r e a c h i n g  t h e  t h r e s h o l d  o f  s t a t i s t i c a l  s i g n i f i c a n c e  a s  d i s c u s s e d  a b o v e .  
 
Time Window 
(years) NA * 0.25 0.5 1 
Decay Range 
(km) R
2 β0 β1 p R2 β0 β1 p R2 β0 β1 p R2 β0 β1 p 
1 0.0006 0.4510 0.0667 0.5436 0.0026 0.4509 2.6407 0.2080 0.0060 0.4494 3.4801 0.0564 0.0078 0.4481 3.6900 0.0301 
2 0.0000 0.4523 0.0020 0.9634 0.0025 0.4502 1.3870 0.2248 0.0052 0.4482 1.4986 0.0762 0.0017 0.4489 0.6805 0.3072 
3 0.0003 0.4550 -0.0113 0.6541 0.0026 0.4492 1.0769 0.2123 0.0042 0.4474 0.8494 0.1113 0.0000 0.4519 0.0541 0.8841 
4 0.0007 0.4566 -0.0111 0.5132 0.0028 0.4481 0.9128 0.1974 0.0033 0.4471 0.5353 0.1582 0.0001 0.4538 -0.0596 0.8073 
5 0.0008 0.4572 -0.0085 0.4947 0.0031 0.4467 0.8195 0.1728 0.0028 0.4468 0.3787 0.1946 0.0002 0.4546 -0.0642 0.7198 
8 0.0002 0.4556 -0.0023 0.7254 0.0056 0.4398 0.7492 0.0662 0.0033 0.4435 0.2460 0.1593 0.0000 0.4525 0.0003 0.9972 
10 0.0000 0.4529 -0.0002 0.9727 0.0082 0.4332 0.7324 0.0264 0.0048 0.4390 0.2374 0.0891 0.0004 0.4484 0.0343 0.6465 
12 0.0001 0.4494 0.0011 0.7809 0.0109 0.4260 0.6957 0.0104 0.0070 0.4330 0.2384 0.0404 0.0015 0.4426 0.0569 0.3456 
15 0.0008 0.4430 0.0021 0.4769 0.0145 0.4158 0.6133 0.0030 0.0109 0.4225 0.2346 0.0103 0.0044 0.4320 0.0751 0.1027 
20 0.0031 0.4302 0.0027 0.1734 0.0193 0.4020 0.4733 0.0006 0.0173 0.4058 0.2065 0.0012 0.0110 0.4130 0.0815 0.0101 
25 0.0064 0.4154 0.0030 0.0497 0.0236 0.3907 0.3748 0.0002 0.0227 0.3924 0.1736 0.0002 0.0178 0.3954 0.0768 0.0010 
30 0.0106 0.3993 0.0030 0.0113 0.0282 0.3800 0.3130 0.0001 0.0277 0.3807 0.1489 0.0001 0.0243 0.3794 0.0706 0.0001 
35 0.0156 0.3822 0.0031 0.0021 0.0332 0.3690 0.2736 0.0001 0.0329 0.3692 0.1322 0.0001 0.0308 0.3639 0.0654 0.0001 
40 0.0211 0.3645 0.0031 0.0003 0.0384 0.3576 0.2472 0.0001 0.0383 0.3573 0.1210 0.0001 0.0373 0.3485 0.0614 0.0001 
 
 
 
 
 
 
 
Time Window 
(years) 2 3 4 5 
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Decay Range 
(km) R
2 β0 β1 p R2 β0 β1 p R2 β0 β1 p R2 β0 β1 p 
1 
0.001
2 0.4507 0.5390 0.3977 0.0024 0.4499 0.5563 0.2340 0.0004 0.4514 0.1800 0.6200 0.0002 0.4518 0.0938 0.7449 
2 
0.000
0 0.4528 -0.0176 0.9506 0.0000 0.4519 0.0291 0.8880 0.0004 0.4545 -0.0671 0.6458 0.0006 0.4549 -0.0674 0.5616 
3 
0.000
9 0.4564 -0.1257 0.4701 0.0009 0.4565 -0.0878 0.4688 0.0018 0.4581 -0.0866 0.3018 0.0020 0.4582 -0.0735 0.2713 
4 
0.001
6 0.4586 -0.1192 0.3232 0.0020 0.4595 -0.0902 0.2673 0.0025 0.4599 -0.0690 0.2216 0.0026 0.4599 -0.0564 0.2108 
5 
0.001
7 0.4595 -0.0917 0.3098 0.0025 0.4609 -0.0729 0.2219 0.0025 0.4606 -0.0508 0.2229 0.0025 0.4604 -0.0407 0.2213 
8 
0.000
4 0.4568 -0.0241 0.6268 0.0013 0.4601 -0.0280 0.3815 0.0010 0.4590 -0.0176 0.4396 0.0010 0.4589 -0.0141 0.4360 
10 
0.000
0 0.4522 0.0013 0.9734 0.0003 0.4569 -0.0105 0.6639 0.0002 0.4562 -0.0065 0.7060 0.0003 0.4566 -0.0059 0.6659 
12 
0.000
5 0.4461 0.0169 0.5743 0.0000 0.4521 0.0008 0.9666 0.0000 0.4524 0.0002 0.9904 0.0000 0.4538 -0.0012 0.9097 
15 
0.002
8 0.4350 0.0295 0.1942 0.0009 0.4428 0.0107 0.4598 0.0005 0.4454 0.0059 0.5804 0.0002 0.4487 0.0025 0.7619 
20 
0.008
9 0.4150 0.0359 0.0208 0.0052 0.4247 0.0176 0.0779 0.0030 0.4314 0.0100 0.1780 0.0013 0.4385 0.0053 0.3695 
25 
0.015
9 0.3958 0.0356 0.0019 0.0113 0.4058 0.0194 0.0090 0.0069 0.4158 0.0115 0.0409 0.0034 0.4267 0.0064 0.1502 
30 
0.023
0 0.3778 0.0337 0.0002 0.0183 0.3871 0.0196 0.0009 0.0118 0.3993 0.0120 0.0075 0.0063 0.4135 0.0069 0.0507 
35 
0.030
2 0.3603 0.0318 0.0001 0.0256 0.3687 0.0193 0.0001 0.0174 0.3821 0.0122 0.0012 0.0099 0.3992 0.0073 0.0143 
40 
0.037
4 0.3432 0.0303 0.0001 0.0330 0.3505 0.0188 0.0001 0.0235 0.3645 0.0122 0.0002 0.0141 0.3839 0.0075 0.0035 
 
Time Window 
(years) 6 7 8 10 
Decay Range 
(km) R
2 β0 β1 p R2 β0 β1 p R2 β0 β1 p R2 β0 β1 p 
1 0.0001 0.4520 0.0530 0.7976 0.0002 0.4518 0.0654 0.7247 0.0004 0.4513 0.0912 0.6046 0.0004 0.4514 0.0664 0.6376 
2 0.0005 0.4547 -0.0481 0.5910 0.0005 0.4548 -0.0449 0.5851 0.0002 0.4540 -0.0271 0.7246 0.0001 0.4535 -0.0135 0.8192 
3 0.0018 0.4578 -0.0551 0.2955 0.0021 0.4585 -0.0549 0.2580 0.0016 0.4579 -0.0446 0.3228 0.0010 0.4565 -0.0261 0.4498 
4 0.0024 0.4594 -0.0426 0.2336 0.0029 0.4605 -0.0434 0.1850 0.0025 0.4601 -0.0373 0.2175 0.0016 0.4582 -0.0226 0.3325 
5 0.0022 0.4599 -0.0306 0.2483 0.0029 0.4613 -0.0320 0.1845 0.0027 0.4610 -0.0283 0.2028 0.0017 0.4590 -0.0173 0.3128 
8 0.0008 0.4581 -0.0100 0.4887 0.0015 0.4604 -0.0124 0.3401 0.0016 0.4606 -0.0115 0.3324 0.0009 0.4585 -0.0068 0.4614 
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10 0.0002 0.4557 -0.0037 0.7375 0.0007 0.4586 -0.0063 0.5232 0.0008 0.4591 -0.0061 0.4963 0.0004 0.4568 -0.0032 0.6421 
12 0.0000 0.4526 0.0000 0.9972 0.0002 0.4562 -0.0027 0.7373 0.0003 0.4569 -0.0028 0.6909 0.0001 0.4546 -0.0011 0.8448 
15 0.0003 0.4470 0.0030 0.6601 0.0000 0.4514 0.0005 0.9320 0.0000 0.4526 0.0000 0.9994 0.0001 0.4503 0.0008 0.8554 
20 0.0020 0.4354 0.0053 0.2766 0.0009 0.4408 0.0032 0.4629 0.0006 0.4427 0.0024 0.5348 0.0010 0.4405 0.0023 0.4407 
25 0.0047 0.4220 0.0062 0.0933 0.0030 0.4276 0.0044 0.1770 0.0025 0.4301 0.0035 0.2219 0.0030 0.4284 0.0030 0.1809 
30 0.0083 0.4074 0.0066 0.0257 0.0062 0.4128 0.0051 0.0529 0.0054 0.4157 0.0042 0.0720 0.0059 0.4147 0.0034 0.0599 
35 0.0125 0.3918 0.0068 0.0060 0.0103 0.3969 0.0054 0.0129 0.0091 0.4004 0.0045 0.0190 0.0095 0.4005 0.0036 0.0167 
40 0.0173 0.3757 0.0070 0.0012 0.0149 0.3804 0.0056 0.0027 0.0135 0.3845 0.0047 0.0043 0.0136 0.3860 0.0037 0.0041 
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APPENDIX D River LUR Model Descriptions 
The LUR model uses river distance between PFC samples and application fields instead of 
Euclidean distance. Each location is snapped onto the closest point on the river network and 
interact based on the distance it takes to connect the two points along the river. In this case, only 
applications within the River Basin were included in the analysis to conform to watersheds. The 
interaction between a PFC sample upstream of an application field was not considered in this 
model. The exploratory variable in this case is expressed in equation 3 below, with the majority of 
the variables consistent with equation 2. In this case, 𝐷𝐷𝑅𝑅is the distance along the river between a 
PFC sample and the land application field rather than a straight-line distance. 
 
𝑋𝑋𝑖𝑖 = ∑ 𝐶𝐶0𝑗𝑗𝑛𝑛𝑗𝑗=1 𝑒𝑒𝑒𝑒𝑒𝑒 �−3𝐷𝐷𝑅𝑅𝛼𝛼 �         (3) 
𝐷𝐷𝑅𝑅 = distance in km between a monitoring site i and a land application field j 
 
The flow model is based on pipe-flow models where the flow at a point in a river network is the 
sum of all upstream flow. This improves upon the river distance model by using the reach 
proportional influence (PI), which is the proportion of the flow that an upstream site contributes at 
the downstream site. Rather than using flow, flow at a given point is approximated using the 
cumulative river length upstream of that point.8  
 
𝑋𝑋𝑖𝑖 = ∑ 𝑀𝑀0𝑖𝑖𝑄𝑄𝑖𝑖𝑛𝑛𝑗𝑗=1 𝑒𝑒𝑒𝑒𝑒𝑒 �− 3𝐷𝐷𝑅𝑅𝛼𝛼 � 𝛿𝛿𝑖𝑖𝑗𝑗        (4) 
 
𝑀𝑀0𝑗𝑗= proxy for PFC mass applied at land application field j per time of application 
𝑄𝑄𝑖𝑖= proxy for river flow at site i using the cumulative river length upstream of site i 
𝛿𝛿𝑖𝑖𝑗𝑗= binary indicator value equal to 1 if site i is flow-connected to field j; 0 otherwise 
 
The last model type incorporates a land cover term, 𝐿𝐿0𝑗𝑗, and the decay range. The  𝐿𝐿0𝑗𝑗 term can be 
added to any other three models as long as its associated decay range is also included. Most 
application fields have a required set back distance from any water source, depending on 
application method.   
 
𝑋𝑋𝑖𝑖 = �𝐶𝐶0𝑗𝑗𝐿𝐿0𝑗𝑗𝑛𝑛
𝑗𝑗=1
𝑒𝑒𝑒𝑒𝑒𝑒 �−
3𝐷𝐷𝑗𝑗𝑗𝑗
𝛼𝛼𝑜𝑜𝑜𝑜
� 𝑒𝑒𝑒𝑒𝑒𝑒 �−
3𝐷𝐷𝑅𝑅
𝛼𝛼
� 
𝐿𝐿0𝑗𝑗 = land cover variable based on permeability in a watershed for land application field j 
𝐷𝐷𝑖𝑖𝑗𝑗 = distance in km between a land application field j and the closest segment of the river network 
𝐷𝐷𝑗𝑗𝑗𝑗 = distance in km between the river network closest to land application field j and a monitoring site i 
𝛼𝛼𝑜𝑜𝑜𝑜 = exponential decay range in km of influence of the permeability of a watershed for land application field j 
 
The river network is important to the implementation of the river distance and flow models. Several 
assumptions were made in the creation of this network to simplify the work. First, the digitized 
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river network does not completely represent the River Basin. The river network is created from 
the National Hydrography Dataset provided by the US Geological Survey and NC OneMap. The 
river network includes mostly higher order rivers and permanent waterways. The river network 
was cleaned and six major issues were identified during the cleaning process. These issues are 
illustrated in Figure A below. The wider yellow line represents the raw river network and the thin 
blue, sometimes green, line shows the cleaned version of the river network. 
 
 
Figure A Issues associated with the raw river network 
 
The issues of the river network are centered around two main themes. Polylines sometimes exist 
in such a way that they misinform the algorithm implemented by BMEriver. The occurs when a 
stream is broken up into multiple polylines. In Figure A(a), this is shown by one highlighted 
polyline segment and an un-highlighted segment. These should be on line. Conversely, a polyline 
might continue on as a single river reach despite being multiple. Figure A(b) shows a river reach 
highlighted in green that should actually end at the first fork in the river. The last polyline issue 
occurs where there are multiple lines for the same river reach. The raw river network sometimes 
has multiple polylines for the same part a river reach. One of the polylines -- usually the one with 
less metadata -- was removed from the cleaned network. In some cases, the centerline of satellite 
imagery was used to relocate the line segments. This case is shown in Figure A(c).  
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The second major issue occurs when the river is misrepresented by polylines. While some rivers 
have multiple polylines representing a single river reach, there are portions of the raw river network 
where it has been removed and disconnected from the rest of the river network. This is because 
some lakes in the side streams are small enough that they are not represented at all in the network. 
This is shown in Figure A(d) where the yellow line is disconnected and does not line up well with 
the cleaned version. Instead, the cleaned version connects the two streams based on a satellite 
imagery. The last issue occurs for where there are loops in the river network. Some lakes are 
represented by their shores or highways. This occurs in part because the dataset is produced 
through satellite imagery. Figure A(e) shows where a highway crosses Jordan Lake and is 
accounted for as a river reach. In these cases, the shorelines were not used to model the river reach. 
Instead, a centerline was drawn based on satellite imagery. Figure A(f) shows a similar issue where 
loops exist in the real world but make it difficult for the coding algorithm to connect the river 
together. In these cases, the feature that has less information or is less prominent was removed 
from the cleaned river network. 
 
While this river network has been cleaned substantially, errors still persist. These errors do not 
connect the river correctly when run through BMEriver and as such, the river distance model has 
yet to produce statistically significant results. Once the river network is further cleaned, then the 
results from the river distance and flow models can be used to incorporate a land cover component. 
 
 
